Background
==========

Approved by both the US Federal Drugs Administration and the Australian Therapeutic Goods Administration in 2014 for the control of type 2 diabetes mellitus (T2DM), empagliflozin and other sodium-glucose co-transporter 2 (SGLT2) inhibitors are now frequently used in the evidence-based treatment of T2DM \[[@b1-amjcaserep-21-e923311]\]. This clinical success stems from satisfactory diabetic control, marked cardiovascular and renal benefits, and manageable adverse effects, including increased predisposition to urinary tract infections (a consequence of glycosuria) and euglycemic ketosis \[[@b1-amjcaserep-21-e923311]--[@b3-amjcaserep-21-e923311]\]. Pharmacologically, empagliflozin is a reversible, highly potent, and highly selective competitive inhibitor of SGLT2, a co-transporter found predominantly in the S1 segment of the proximal convoluted tubule (PCT) and responsible for approximately 90% of renal glucose reabsorption in healthy individuals \[[@b1-amjcaserep-21-e923311]--[@b4-amjcaserep-21-e923311]\]. However, evidence suggests that 25 mg empagliflozin daily linearly reduces excess glucose reabsorption by less than 40%, perhaps due to the capacity of the normally redundant spared SGLT1 (found more distally in the PCT) \[[@b2-amjcaserep-21-e923311],[@b4-amjcaserep-21-e923311]\].

Even more clinically successful is lithium; by virtue of its history, efficacy, availability, reduction in suicide rate, and purported role in neuroprotection, it remains the gold-standard mood stabilizer in those able to tolerate it \[[@b5-amjcaserep-21-e923311]\]. However, the utility of lithium is limited by a narrow therapeutic index, highly variable clearance rates between individuals, and lethal toxicity, teratogenicity, and nephrotoxicity \[[@b5-amjcaserep-21-e923311]\]. Since initial human trials in 1949, and FDA approval in 1970 for the treatment of mania, the renal clearance lithium has been extensively studied \[[@b5-amjcaserep-21-e923311],[@b6-amjcaserep-21-e923311]\]. Like sodium and glucose, the majority (\>60%) of filtered lithium is reabsorbed in the PCT, with distal epithelial sodium channels also contributing \[[@b7-amjcaserep-21-e923311],[@b8-amjcaserep-21-e923311]\]. Established apical lithium transporters in proximal epithelial cells include the amiloride-sensitive sodium channel, the amiloride-sensitive sodium-proton exchanger, and, to a seemingly far lesser extent, the sodium-glucose and sodium-phosphate co-transporters (in typical human physiological conditions) \[[@b7-amjcaserep-21-e923311]--[@b9-amjcaserep-21-e923311]\]. Such utilization of sodium transporters by lithium is presumed to stem from their atomic similarities.

The following case report identifies a novel drug--drug interaction between empagliflozin and lithium.

Case Report
===========

Presenting with a recurrence of insightless disinhibition, disorganization, uncontrollable drive, pressured speech, and exacerbated grandiose and religious delusions, an obese, 29-year-old man of Central American descent was admitted with a manic relapse of schizoaffective disorder. Since diagnosis in his late teens, various mood stabilizers and antipsychotics had been administered in the context of intellectual impairment and poor outpatient oral medication compliance; a severe, treatment-refractory schizoaffective illness; the gradual development of obesity and non-alcoholic fatty liver disease; and various adverse drug reactions, including valproate-induced pancreatitis, olanzapine-induced acute liver injury, and dose-related haloperidol-induced acute liver injury. The patient had been frequently treated by inpatient services, historically re-presenting following a reduction in the level of supervision by his supportive family and/or community outpatient supports, with subsequent non-compliance to oral lithium. The patient and family denied any smoking, alcohol, or illicit substances, yet poor appetite control had led to a body mass index (BMI) approaching 42 kg/m^2^. In addition to 1350 mg modified-release oral lithium daily, the patient's regular medications on admission were 300 mg (long-acting injectable) aripiprazole monthly, 50 mg pregabalin at night, 5 mg haloperidol at night, 3 mg clonazepam daily, vitamin D supplementation, and melatonin.

Initial difficulty in managing his drive, delusions, disinhibition, and disorganization led to administration of an intramuscular zuclopenthixol acetate course (125 mg, 150 mg, 150 mg every second day) and intramuscular benzodiazepines on a secure ward, with some settling effect. However, as in previous admissions, the restoration of therapeutic lithium levels (\<0.2 mM to 1.1 mM by Day 4) with his regular dose of modified-release lithium (1350 mg daily) was found to markedly improve his manic and psychotic features.

This settling allowed the collection of routine nursing observations on Day 9, including blood sugar levels (BSLs), which were found to be 26.2 mM (without ketosis). Subsequent investigation found an HbA1c of 7.3%, leading to a new diagnosis of T2DM. Further exploration of the patient's medical history found the previous use of metformin for pre-diabetes 1 year ago, which was ceased in the context of acute-on-chronic hepatic injury during trials of oral olanzapine and high-dose oral haloperidol. Consultation with medical staff, diabetic educator staff, and diabetic guidelines led to a mutual decision to trial empagliflozin over acarbose due to the relative safety profile, as all other oral diabetic medications were considered contra-indicated in the context of previous pancreatitis and severe liver impairment. Empagliflozin was commenced on Day 10 and uptitrated to 25 mg every morning over the following days, with excellent diabetic control (BSLs 6--11 mM throughout the day) and without physiological adverse effects. However, on Day 13, routine blood tests identified a subtherapeutic lithium level (0.4 mM). Repeat testing (Day 14) confirmed the subtherapeutic levels. Following a suspicion of empagliflozin-mediated lithium excretion, empagliflozin was withheld, and 10 units of covering Lantus at night ensured euglycemia. By Day 20 of admission, lithium levels had returned to therapeutic range (1.3 mM). A willingness of our patient and his family to re-trial empagliflozin at 25 mg every morning led to another subtherapeutic lithium level (0.5 mM) by Day 22 (confirmed on Day 23). No ketosis was detected on routine nursing bedside testing, the patient remained well hydrated, plasma sodium and potassium were preserved within the normal range, and an eGFR \>90 ml/min/1.73 m^2^ was maintained throughout the admission.

Following endocrinology consultation and recommendation, empagliflozin was ceased and instant-release metformin 500 mg was first re-trialled on Day 24 of admission. Euglycemia was then maintained without adverse effects such as LFT derangement, precipitation of lactic acidosis, or pancreatitis. With progressive stabilization and concurrent re-implementation of outpatient community supports, the patient was discharged home at baseline function and therapeutic lithium level (0.9 mM) a few days later. The sole change to regular medication throughout the admission was the re-introduction of metformin.

Discussion
==========

Despite the unexpected and previously undocumented strong negative correlation between a SGLT-2 inhibitor and serum lithium levels in this case, the connection between lithium (mostly absorbed by sodium transporters in the PCT) and empagliflozin (which impairs an apical sodium-glucose co-transporter in the PCT) is theoretically unsurprising. This parallels the discovery of how amiloride, through inhibition of the amiloride-sensitive sodium channel, reduces lithium reabsorption and subsequently manages nephrogenic diabetes insipidus (alongside a complex reversal of aquaporin downregulation) \[[@b9-amjcaserep-21-e923311]\]. With a Naranjo Adverse Drug Reaction Probability Scale score of +8, further cases and/or prospective scientific enquiry are necessary to validate this case's probable drug--drug interaction.

The reproducibility in this case also questions the consensus, founded on a heavily-referenced paper by Holstein-Rathlou in 1990 \[[@b10-amjcaserep-21-e923311]\], about the theoretically-limited role of the sodium-glucose co-transporter in lithium reabsorption \[[@b7-amjcaserep-21-e923311]\]. We suggest that a large amount of lithium must be transported by SGLT-2 for empagliflozin to have so markedly impaired our patient's serum lithium levels, given the reported maximal 40% reduction of empagliflozin in clinical SGLT-2 function. Similarly, Uwai et al. \[[@b11-amjcaserep-21-e923311]\] found (in rat studies) that two-thirds of lithium reabsorption occurred through the sodium-phosphate co-transporter, opposing the consensus that these transporters negligibly contribute. Given new empirical and recent investigative evidence opposing the existing theoretical model, further research should identify and/or confirm the relative efficacy of different apical PCT transporters and channels on lithium reabsorption.

Finally, if lithium is substantially reabsorbed by SGLT-2 as empirically observed, and empagliflozin markedly reduces SGLT-2 function with a tolerable adverse effect profile, empagliflozin could improve the management of lithium toxicity. Lithium toxicity is life-threatening and can cause cardiac arrest, hyper-thermia, seizures, and potentially-irreversible tremor, ataxia, and nystagmus \[[@b12-amjcaserep-21-e923311]\]. Due to a lengthy physiological half-life of 24 hours, lithium toxicity is currently managed through non-specific measures such gastric lavage, intravenous dilution, and/or haemodialysis to expedite clearance \[[@b12-amjcaserep-21-e923311]\]. As oral empagliflozin reaches peak plasma concentrations within 1.5 hours, empagliflozin (and other SGLT-2 inhibitors) could improve best practice management of lithium toxicity by expediting renal excretion of lithium in a more cost-effective, convenient, and safe manner. Further research should seek to validate this hypothesis.

Conclusions
===========

Our unique case report of trialling empagliflozin in an inpatient with frequent lithium-monitoring empirically identified a reproducible effect of empagliflozin use on lithium levels. This Naranjo-probable suspected association is only partially supported by the current understanding of lithium and SGLT-2 inhibitor pharmacology; therefore, our experience in treating this patient raises questions about the previously proposed theoretical models, which possibly minimize the role of the SGLT in lithium reabsorption. With further research to validate the findings of this case study, subsequent research could assess the relative cost-efficacy, convenience, and safety of using SGLT-2 inhibitors to manage lithium toxicity over existing best practice.
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